ABSTRACT
(here defined as up to 500m from SWTs) and (2) such an effect is stronger when multiple (2-4) 23
SWTs are installed. We show that, after accounting for potentially confounding effects (e.g. 24 variation in habitat and weather), (1) mean P. pipistrellus activity is lower at 0-100m compared 25 to 200-500m from SWTs, and (2) the effect on P. pygmaeus activity tends to be similar and 26 stronger in multiple SWT sites, although evidence for the latter is limited. 27
We conclude that in some cases, adverse effects of SWTs on bat activity may be measurable 28 over longer spatial scales (within 100m) than previously thought. However, combined with 29 earlier findings, it is likely that the bulk of such effects operate within relative close proximity of 30 SWTs (<25m). Moreover, although these effects may be species-specific, with e.g. P. pygmaeus 31 potentially more strongly affected by multiple SWT sites, this requires further data. These 32 findings are highly relevant to decision-making aimed at minimizing any adverse effects of wind 33 turbines, specifically single-vs. multiple SWT developments, on wildlife. height, and all were in rural settings but specific habitat in the surrounding area varied (see 91
Habitat data and variable selection). The number of SWTs installed in each site varied between 92
one and four (median 1.6) and the distance between individual turbines in a site was between 12 93 and 90m (with only one site >62m and a mean of 46.4m). SWTs installed in individual sites were 94 the same size and specification with the exception of one site. More than two SWTs were 95 installed in only five sites in our sample. We therefore restricted the analyses presented here to a 96 comparison of single and multiple turbine sites; hence we here refer to sites with 2-4 SWTs 97 installed as "multiple turbine" sites throughout the remainder of this manuscript. Although this 98 limits possible inference from our findings somewhat, we are confident that this reflects the 99 current distribution of numbers of turbines per site in the UK; i.e. the majority of sites have one 100 or two SWTs installed (pers. obs.). 101
Bat data and transects 102
Page 5 of 33 ACV submitted manuscript ACV: For review purposes only -please do not distribute   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   R  e  v  i  e  w  C  o  p  y Bat activity was measured along transects by 1-2 observers walking the length of each transect at 107 a slow (approximately 2.5 km h -1 ) and constant pace, using EchoMeter EM3+ bat detectors 108 (WildLife Acoustics, Mass., USA). A target of four transects was planned for all sites, running 109 out from the turbine (or the central point between turbines in the case of multiple turbine sites) in 110 four directions. However, because of physical constraints (e.g. walls, impassable fences or 111 ditches, houses or buildings) the actual number of transects per site as well as their length varied 112 (3-4 transects, mean 3.7 per site, length: 300-500m). All transects were placed using a 113 combination of GIS-based planning and on-site assessment of landscape variation, so that (1) the 114 combination of all transects within each site covered all major habitats present, and (2) the 115 overall distance separating each transect was maximized. Transects were divided into 100m 116 sections running out from the turbine centre point, giving up to five distance bands running away 117 from the turbine. See Figure A1 for an example transect and transect section layout. 118
One measure of ground level wind speed was taken at the end of each section (i.e. in each 119 distance band) on each survey visit using handheld anemometers. Minimum daily temperature 120 measures for each survey visit were obtained from the UK MIDAS weather station data at 121 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   R  e  v  i  e  w  C  o  p  y   7 To account for expected confounding effects of habitat variation on bat activity we collated 125 measurements of habitat availability per transect section. To do this, we placed 50m buffers 126 around digital maps of each transect route, resulting in approximately 100m x 100m transect 127 sections. The exact area of each section varied because of non-linear transect sections, but this 128 was accounted for in the analysis, see Statistical analysis and Figure A1 . All habitat variables 129 were quantified in each transect section using 1:1250 UK Ordnance Survey MasterMap 130
Topography digital maps, using QGIS v. 1.8 (http://www.qgis.org/en/site/). We focused on two 131 key measures of habitat variability in each transect section. These two variables were selected on 132 the basis of a preliminary analysis (See Supplementary Material) of the effect of a full set of 10 133 habitat variables on bat activity. This was done to avoid both overparameterisation of the models, 134
as well as the inclusion of highly collinear habitat metrics. First, we used edge density (m m -2 ) 135 as a measure of the density of "edge" habitat (defined as woodland and water edges, hedgerows, 136 roads and tracks, roadsides, field boundaries and building edges), calculated as the total length of 137 all such features divided by the area of the transect section. Although the specific effect of these 138 pooled habitat features on bat activity may vary, all tend to be associated with high levels of bat 139
activity relative to open and/or homogenous habitat (e.g. through their use as commuting routes) 140 (Walsh & Harris 1996) . Second, we used the proportion of woodland calculated as the sum of 141 all tree coverage (m 2 ) (coniferous, non-coniferous and unclassified trees) divided by the transect 142 section area. 143
Data analysis and statistics 144
Bat activity: probability of a pass per hectare surveyed 145
Bat activity was initially quantified as the number of bat passes (defined as a sequence of at least 146 two "search-phase" echolocation calls separated by less than a second) per transect section. per survey visit, because the distribution of observed counts was highly skewed (many zeros and 149 excessive variation) so that count-based statistical models did not provide any reasonable fit. 150
Thus, throughout the remainder of this paper, bat activity is measured as the probability of at 151 least one bat pass per unit area. Foraging calls ("buzzes") were recorded in some cases, but in too 152 small numbers to be included in the analysis presented here. In addition, because the area 153 covered by each transect section varied slightly (see Bat data and transects), we here model the 154 probability of detecting bat activity per hectare surveyed within each section. 155
Statistical analysis 156
We used generalized linear mixed effects models (GLMMs) (Gelman & Hill 2007) to analyse 157 our data. 158
Model structure 159
We constructed two models for bat activity; one P. pipistrellus and one for P. pygmaeus activity. 160
The structure of both models was the same. In each case, activity was modelled as the probability 161 of a bat pass per unit area on a given survey visit as the response variable with a GLMM with 162 binomial errors and a complementary log-log link function (clog-log). This link function allowed 163 us to include transect section area as an offset in the model on the appropriate scale (Agresti 164 2013). In turn, this offset accounts for slight variation in the size of each transect section (see Bat 165 data and transects and Figure A1 ), modelling probability of a bat pass per unit area. To account 166 for the non-independence of repeated measurements from the same site and transect sections, all 167 models included transect nested within site as a random effect. To test our two predictions (see 168 Introduction), we included two focal fixed factors; (1) transect section (distance bands; 0-100m, 169 100-200m, 200-300m, 300-400m and 400-500m from the SWTs) and (2) turbine number (single 170 
installed (Prediction 2). 184
To avoid overparameterisation of the models, interactions other than those specified 185 above (i.e. between confounding effects) were not considered. All inputs were standardised 186 (centred to 0 and scaled to 1 SD) to improve performance of parameter estimation and to allow 187 Table A1 . 191
Model predictions and interpretation 192
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for which activity in distance band 1 (0-100m, intercept in Table 1a ) is lower than the activity in 223 distance bands 2-5 (100-500m). Based on parameter estimates and their errors, no such effect of 224 turbine proximity is evident in the model for P. pygmaeus activity (Table 1b) . Moreover, again 225 based on parameter estimates alone, there is no evidence for an interaction between distance 226 band and number of turbines installed. 227
This interpretation of coefficient estimates above is largely mirrored by assessment of the 228 predicted levels of activity, although a strong suggestion of an interaction with the number of 229 turbines installed is evident (Figure 1 ). Predicted activity is lowest for both species in distance 230 band 1 (0-100m). In particular, for both species, at multiple SWT sites the predicted mean 231 activity (measured as the probability of a bat pass per unit area) in the first distance bands (P. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We show that, when accounting for confounding effects of habitat and environmental conditions, 242 activity of P. pipistrellus activity is lower at 0-100m from installed SWTs, compared to 200-243 500m. Although not apparent in estimated model parameters, assessment of predictions suggests 244 that this may also be the case for P. pygmaeus activity but this effect was weaker. Similarly, the 245 distribution of model predictions suggest that the negative effect of SWT presence in the 246 "closest" distance band is particularly prominent in sites with multiple SWTs installed, with an 247 apparent absence of any difference between distance bands in the activity of P. pygmaeus in 248 single SWT sites. 249
On this basis, we conclude that the adverse effect of SWTs on Pipistrellus bat activity shown 250 previously (Minderman et al. 2012) may in some cases persist over longer distances in the 251 landscape. Although here we show that differences in average predicted activity may be 252 measured when comparing 0-100m to 200-500m distance bands from SWTs, it should be 253 stressed that this does not show that adverse effects would remain evident at 100m from SWTs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 tested. In either case, it would be reasonable to assume that the strength of such interference 265 would dissipate with distance, especially if it involves high-frequency noise (which attenuates 266 quickly over distance), limiting the spatial scale of any adverse effect of the turbine. However, 267
neither the extent of acoustic noise generated by SWTs nor how this operates over any distance 268 has been studied, so it is unclear to what extent this could explain the results show here. 269
Furthermore, although the model parameter estimates provide no evidence that such avoidance is 270 stronger in sites with multiple SWTs installed for either species, model predictions of activity 271
suggest that the decrease in activity in the "near" distance bands tends to be stronger in multiple 272 SWT sites, particularly for P. pygmaeus activity (Figure 1b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 this (e.g. strong positive effects of proportion of woodland on P. pygmaeus, but not P. 296 pipistrellus), whether such ecological differences between these species affect their response to 297
SWT presence remains to be tested, and unfortunately we did not have sufficient statistical 298 power to do so here. 299
There are a number of important caveats with our findings. First of all, these data should not be 300 generalized to species other than Pipistrellus spp. Although Pipistrellus bats are by far the 301 commonest species in both our wider study area as well as in the specific habitats we studied 302 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 SWTs. Secondly, the limited number of sites with more than two turbines in our sample means 308 that we cannot exclude the possibility that a larger number of turbines would cause stronger 309 effects; indeed modelling studies in birds (Schaub 2012) suggest that this may well be the case. 310
However, based on our own experience and anecdotal data collected during the construction of 311 our SWT owner database (e.g. Park, Turner & Minderman 2013), we feel that our sample of sites 312 fairly represents the usual number of SWTs installed per site; sites with more than two and in 313 particular more than three SWTs remain relatively rare in the UK. Finally, the combination of 314 recording bat activity over a relatively large scale (up to 500m from SWTs) along transects, and 315 a distance-based approach to turbine effects, required that we analysed our data in distance 316 bands. As noted previously, our choice of relatively 'coarse' 100m distance bands may limit our 317 ability to draw conclusions on the exact distance over which avoidance behaviour might operate, 318 but small scale effects have already been studied (Minderman et al. 2012) and we here chose to 319 focus on wider-scale effects. In addition, to allow us to generalise our sampling regime across 320 sites with single and multiple SWTs, we chose to use single starting locations for all transects. 321
As a result, in some cases where multiple SWTs were present, this may have caused some 322 imprecision in the allocation of individual passes to distance bands (as exact distance to 323 individual turbines would differ by a small amount). However, our choice of transect placement 324 minimised any such possible bias: in multiple SWT sites, transects were oriented in such a way 325 that they were as close to perpendicular to the orientation of the SWT "line". In cases where this 326 was impossible, e.g. one of the transects would pass within 50m of another turbine, the transect 327 in question was excluded from the analyses presented here (i.e. leading to some sites with <4 328 R e v i e w C o p y bands is likely to introduce false precision. Thus, collecting data on behavioural responses to 330 turbines on a finer scale would require alternative methods. 331
In conclusion, we suggest that adverse effects of SWTs on Pipistrellus bat activity may be 332 measurable over a greater spatial scale than previously thought (0-100m), although combined 333 with our previous work it is likely that much of such avoidance behaviour occurs in relatively 334 close proximity to turbines (<25m). It appears that such effects are stronger when multiple SWTs 335 are installed, particularly for P. pygmaeus, but this requires further study. Finally, it should be 336 stressed that the effects reported here are on bat activity only. Although they may reflect changes 337 in habitat use, and this may in turn lead to population-level effects, direct effects of SWT 338 developments on the latter remain to be studied and the conclusions drawn here cannot be thus 339
extrapolated. 340
The SWT sector is expanding rapidly worldwide, and as a result planners and decision makers 341 are increasingly faced with having to advise or decide on planned developments of multiple 342 SWTs in clusters. To date, there were no data to inform such decisions, and the findings 343 presented here are therefore vital and timely. We reiterate our recommendation that individual 344
SWTs within the range of sizes considered here (6-25m hub height) should be sited away from 345 potentially valuable bat habitat (at least >25m, Minderman et al. 2012), but based on the current 346 findings we further stress that particular care should be taken in landscapes where limited 347 alternative habitats are available. This would include known roost, commuting and foraging 348 sites. In addition, on the basis of the potential for wider landscape scale effects on some species, 349
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we ran an initial model selection procedure on a Generalized Linear Mixed Effects (GLMM) 28 model for the probability of a bat pass per hectare as a function of all 10 habitat variables only. 29
In addition to these habitat variables this model included transect within site as a random effect, 30 a binomial error distribution with a log-log link function and transect section size (ha) as an 31 offset. To avoid problems with collinearity, we limited the full model set to include only one of 32 the five 'proportion' habitat variables (because these represent proportion cover, lower cover of 33 one automatically implies greater cover of another, leading to high collinearity). We further 34 excluded all models including (1) both proportion of woodland and distance to trees, (2) both 35 proportion buildings and distance to buildings, (3) both edge density and distance to linear 36 features or proportion of roads or tracks. Again, these latter exclusions were to avoid high 37 collinearity. For example, a greater proportion of woodland in a given transect section naturally 38 implies shorter distances to trees; edge density includes linear features such roads and tracks; etc. 39 Thus, these variables effectively measured very similar things but in slightly different ways. All 40 model fitting procedures and analyses followed the methodology described in the main text. 41
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